We report a step in constructing an in silico model of a neocortical column, focusing on the synaptic connection between layer 4 (L4) spiny neurons and L2/3 pyramidal cells in rat barrel cortex. It is based first on a detailed morphological and functional characterization of synaptically connected pairs of L4 -L2/3 neurons from in vitro recordings and second, on in vivo recordings of voltage responses of L2/3 pyramidal cells to current pulses and to whisker deflection. In vitro data and a detailed compartmental model of L2/3 pyramidal cells enabled us to extract their specific membrane resistivity (Ϸ16,000 ohms⅐cm 2 ) and capacitance (Ϸ0.8 F/cm 2 ) and the spatial distribution of L4 -L2/3 synaptic contacts. The average peak conductance per L4 synaptic contact is 0.26 nS for the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid and 0.2 nS for NMDA receptors. The in vivo voltage response for current steps was then used to calibrate the model for in vivo conditions in the Down state. Consequently, the effect of a single whisker deflection was modeled by converging, on average, 350 ؎ 20 L4 axons onto the modeled L2/3 pyramidal cell. Based on values of synaptic conductance, the spatial distribution of L4 synapses on L2/3 dendrites, and the average in vivo spiking probability of L4 spiny neurons, the model predicts that the feed-forward L4-L2/3 connection on its own does not fire the L2/3 neuron. With a broader distribution in the number of L4 neurons or with slight synchrony among them, the L2/3 model does spike with low probability.
B
ecause of the unique relationship between the vibrissae and the barrel columns of the S1 cortex, where each column processes information primarily from one of the main facial whiskers (1), the somatosensory cortex of rodents is useful for studying sensory information processing within a single column and among neighboring cortical columns. The present experiment-based modeling study is an attempt to interweave in vitro and in vivo data measured from the barrel cortex. The aim is to begin to reconstruct the basic modules that serve as the building blocks of the cortical column.
The focus here is the simulation of the feed-forward excitatory connection between layer 4 (L4) spiny neurons and L2/3 pyramidal cells in the barrel cortex. The model is based first on the detailed morphology and physiology of L2/3 neurons, together with their dendritic location, the total number of synaptic contacts established by the axon of the L4 neuron on a single L2/3 neuron, and the properties of L4-L2/3 synaptic contacts, obtained from in vitro pair recordings of synaptically coupled neurons (2) (3) (4) . Second, it is based on the in vivo current-voltage relationship (5) and on whole-cell recordings from L4 and L2/3 after whisker deflection (6) .
The model does not meet the entire experimental finding during the process of interweaving in vitro and in vivo data. This mismatch enables one to suggest specific experiments for reconciling model and experiments. We therefore suggest that a systematic approach of modeling basic building blocks (connection ''modules'') of a column by combining in vitro pair recordings, anatomical reconstruction, and in vivo recordings from the respective projection and target cells of a connection might be a useful way to build a realistic model of an entire cortical column and to generate biologically realistic predictions.
Results

Passive Model for L2/3 Pyramidal Cells and Properties of L4 -L2/3
Synaptic Contacts. Passive models were constructed for three fully reconstructed and physiologically characterized L4-L2/3 pairs, which include also the identification of the putative synapses and their dendritic locations. Our database contains 64 connected L4-L2/3 pairs. The dendritic arbors of three postsynaptic L2/3 neurons are shown in Fig. 1 . The location of synaptic contacts formed by one presynaptic L4 spiny neuron on the L2/3 pyramidal cell is indicated by blue dots. The apical dendrite extended between 483 and 631 m and the basal dendritic tree, between 129 and 224 m. The average mean surface area of the dendritic arbor, including dendritic spines (see Materials and Methods), was calculated to be 20,651 m 2 . Input resistance (R in ) was, on average, 77 megaohms (M⍀), and the membrane time constant was 13 ms (Fig. 1) ; these values are indeed within the range measured experimentally from a larger population of L2/3 pyramidal cells (72.7 Ϯ 15.7 M⍀ and 13.1 Ϯ 1.7 ms, respectively; n ϭ 51). Adjustment between model and experiments yielded average estimates for the membrane resistance (R m ) and membrane capacitance (C m ) of Ϸ16,000 ⍀cm 2 and 0.8 F/cm 2 , respectively, assuming the axial resistance, R i ϭ 150 ⍀cm [supporting information (SI) Table 1 ], as found in other cortical neurons, and L5 pyramidal cells, hippocampal neurons, and cerebellar Purkinje cells (7) (8) (9) (10) (11) (12) . An example for the match between model response to current step and the experimental result is shown as Fig. 1 Inset (top left; green, model; red, experiments).
Time Course of a Unitary L4-to-L2/3 Excitatory Postsynaptic Potential (EPSP).
An example of a L4-to-L2/3 unitary EPSP (from pair 111200A) is shown in Fig. 2A (gray line) . The amplitude of this Author contributions: B.S. and I.S. designed research; L.S., R.B., and D.F. performed research; L.S., R.B., and D.F. analyzed data; and L.S. wrote the paper.
unitary EPSP is 0.66 mV, and the (20-80%) rise time is 0.9 ms; these values fall within the measured range of values (2) . The generic Eqs. 1-5 provided in SI Text for the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (AMPAR) and NMDA receptor (NMDAR) were used to simultaneously fit both the target-cell EPSP in Fig. 2 A, as well as the six traces for the NMDAR-mediated response in 1 mM extracellular Mg 2ϩ , each measured at various membrane voltages, as shown in Fig. 2B (see Materials and Methods). The locations of the L4 synaptic contacts on the modeled L2/3 dendrites are as shown in Fig. 1 . The black lines in Fig. 2 A and B depict the result of this fit. Similarly good fits between the experimental and model unitary EPSP were obtained for the other two connected neuron pairs depicted in Fig. 1 (not shown). Synaptic parameters obtained via this matching procedure are in SI Table 2 .
The maximal AMPAR conductance for the three target cells, on average, was 0.26 nS; the corresponding peak values for NMDAR conductance were 0.22 nS, on average. These values are within the range of values previously reported for the AMPAR and NMDAR conductances (13, 14) . As expected, the time constant for the decay of the NMDAR-dependent response ( 2 ) is Ϸ40-fold larger than for the AMPAR-dependent response (SI Table 2 ).
The contribution of the AMPAR and NMDAR components to the EPSP, as predicted by the model, is shown in Fig. 2C . For the three modeled cells, the average peak amplitude of the NMDAR channel-mediated voltage is 22% of the model EPSP, and the time integral of the NMDAR-mediated EPSP component, on average, was 52% of the total EPSP. The contribution of the AMPAR and NMDAR components to the current recorded at the soma of the modeled cell under voltage-clamp (at V ϭ Ϫ75 mV) is shown in Fig. 2D . The unitary EPSCs at the soma for the three modeled cells are depicted by the gray lines in Fig. 2E . On average, the amplitude of the unitary somatic EPSC is Ϫ40 pA, varying between Ϫ24 and Ϫ55 pA. At the resting potential, the relative contribution of the NMDAR to the peak EPSC, on average, is 5.9%. Fig. 2E also depicts the space-clamp error that results when determining unitary EPSCs from voltage-clamp measurements at the soma of the postsynaptic L2/3 neuron (15) . The measured synaptic current at the soma for the three cells modeled is shown in gray. The dark lines show the postsynaptic current that would be generated when the same synaptic contacts are located at soma, where no space-clamp error is expected. The difference between the lines highlights the significant space-clamp error that is expected. For the upper two cells, the peak current under perfect voltage-clamp conditions is Ϸ1.5-fold larger than that in the experimental condition. In the third cell (lower traces), it is Ϸ2.5-fold larger. In this cell, the synaptic contacts are located more distally than in the other two cells (Fig. 1) . Taking into (E) Space-clamp error in estimating synaptic current. Synaptic contacts were activated at their dendritic sites (blue points in Fig. 1 ), and voltage-clamp was applied at the soma (Ϫ75 mV). The measured synaptic current at the soma for the three cells modeled is shown in gray, and the case without space-clamp error is depicted by the corresponding black lines.
account the space-clamp error, the model predicts that the current generated at each individual synaptic contact ranges from 9 to 37 pA, which is in agreement with the range of 7-100 pA estimated for miniature excitatory postsynaptic current (mEPSC) in L2/3 pyramidal cells in the visual cortex (16) .
Population of Unitary EPSPs at the L4 -L2/3 Connection: Model vs.
Experiments. Fitting the model to the experimental data for the L4-to-L2/3 pair recordings enabled us to estimate the properties of individual synaptic contacts (SI Table 2 ; Fig. 2 ). Next, we simulated the effect of APs in the ensemble of L4 spiny neurons that converge onto a single L2/3 pyramidal cell. We compared the modeling results to in vivo experimental data, i.e., the compound EPSPs, and evoked action potentials (APs) in L2/3 pyramidal cells.
We started by distributing the synaptic contacts established by the L4 axon on the appropriate dendritic domain (''innervation domain'') of the postsynaptic L2/3 target neuron (3) and activating individual synapses (see Materials and Methods). We first asked whether the distribution of the modeled unitary EPSPs at the L4-L2/3 connection is similar to that found experimentally (see Materials and Methods). Specifically, average amplitude and coefficient of variation (c.v.) of unitary EPSPs were examined (Fig. 3) .
On average, the amplitude of the model unitary EPSP was 0.73 Ϯ 0.37 mV (Fig. 3B) , and the c.v. was 0.24 Ϯ 0.04 (Fig. 3C) , which is in good agreement with the experimental data in which an average unitary EPSP amplitude of 0.7 Ϯ 0.6 mV and a c.v. of 0.27 Ϯ 0.12 were reported (2) . This match between the EPSPs evoked by APs in a population of L4 neurons converging onto a specific dendritic domain of a single L2/3 neuron (rather than of individual L4-to-L2/3 connections) further strengthens the view that the model for the L4-L2/3 connection, including the dendritic domain for these synapses and the use of a lognormal distribution for the conductances of the receptors (see Materials and Methods), is ''realistic.'' Therefore, this model was further used to explore how L2/3 pyramidal cells are expected to respond to a single whisker deflection when the input used was the average AP firing probabilities recorded in vivo from L4 spiny neurons, assuming that 350 Ϯ 20 L4 neurons converge onto a single L2/3 neuron.
From in Vitro to in Vivo: An Important Modeling Leap. The interplay between the in vitro experiments and the corresponding model was critical for estimating the properties of L4-L2/3 synapses, including the conductances of their AMPA and NMDA components and the spatial distribution of this input on L2/3 dendrites. The modeling leap required for shifting from the in vitro conditions to the in vivo Down state condition (17) consists of three key steps. First, the input resistance should be reduced.
In the in vivo conditions, R in is Ϸ50% of the in vitro condition, probably because of the age (size) difference between the in vitro and in vivo experiments (18) , yet the membrane time constant remains essentially the same in both conditions (5) . Second, the strong anomalous rectification measured from the Down state in L2/3 cells (5, 19) should be captured. This nonlinearity was not an important factor for estimating the parameters of the relative small individual L4-L2/3 EPSPs measured from pair recordings. In contrast, it is important for modeling the in vivo conditions in which a large compound PSPs after whisker deflection is generated (and occasionally crossed spiking threshold). Third, the model should incorporate the very depolarized threshold for spiking, Ϸ30 mV above the resting potential found in both the in vitro and Down state in vivo conditions (5, 19) .
Toward this end, cell 111200A, shown in Fig. 1 , was used. First, we adjusted the passive membrane properties, and then we added membrane nonlinearities. By dividing R m and multiplying C m by a factor of 2.6, we took into account the likely increase in neuron size in the older rats measured in vivo, thus keeping the membrane time constant Ϸ10 ms and reducing R in from 75 to 30 M⍀, as measured in vivo in the Down state (5). Our nonlinear model for the L2/3 pyramidal cell (SI Table 3 ) provided a very close fit of both the strong anomalous membrane rectification in the subthreshold regime and the very depolarized firing threshold as found experimentally [ Fig. 4 ; compare experimental results; gray lines to model results (black lines)].
Simulation of the Response to a Whisker Deflection. Fig. 5 compares the distribution of experimentally measured compound PSPs after whisker deflection and the distributions predicted by the model (see Materials and Methods). The input to the modeled L2/3 neuron was based on the spiking probability of L4 neurons within the barrel (Fig. 5A, lower histogram) , based on recordings of Brecht and Sakmann (20) , and from additional recordings we performed from L4 neurons to have an adequately large data set (25 total L4 cells). Consequently, 130 axons of 350 (i.e., 460 synaptic contacts, assuming release probability of 0.79) were activated on average per whisker deflection (ranging between 96 and 166 axons), corresponding to 326-599 synaptic contacts). In the experiments, a broad distribution of compound PSPs was found, with average amplitude of 18 Ϯ 10 mV (Fig. 5B) . The rightmost bin (30 mV) is the contribution of mostly one cell (which is overrepresented with 149 traces of a total of 424 traces from a total of 20 cells) that tended to spike with high probability (0.53 APs per stimulus). With this cell included, the spiking probability is 0.23 APs per stimulus, whereas without this cell, the average amplitude of the compound PSPs was 17 Ϯ 9 mV, and the corresponding firing probability was 0.06 APs per stimulus. The average amplitude of the compound EPSP in 1,000 simulations (Fig. 5C ) is 12 Ϯ 2.4 mV, with a much narrower distribution (ranging from 6 to 21 mV), as compared with the experimental results ( Fig. 5 A and B) . Importantly, the model does not fire APs, whereas in the experiment, the majority of L2/3 cells do fire with low probability (see Discussion).
To examine one possible source for the discrepancy between model and experiments, we conducted another set of simulations, in which the poststimulus time histogram (PSTH) of individual L4 cells (rather than of their average) was used as an input to activate L4-L2/3 synapses of the modeled L2/3 cell. The PSTHs of six individual cells (Fig. 6A, green) were used to activate the L2/3 modeled cell for 160 repetitions. Now the distribution of PSPs after whisker deflection is much broader than when the average PSTH (shown in Fig. 6A , blue) is used (compare Fig. 6B , green and blue), and L2/3 pyramidal cells fire occasionally (18% of the cases). This suggests that L4 neurons may not be randomly connected to L2/3 cells (21), but rather that subgroups of more excitable L4 cells exist (e.g., represented by the fourth PSTH from top in Fig. 6A ) that may be responsible for the firing of some selected group of L2/3 cells (see Discussion).
Discussion
We propose here a step-by-step modular approach for modeling the cortical column by interlacing in vitro with in vivo data. The model enabled us first to estimate the passive and nonlinear membrane properties of L2/3 pyramidal cells, the properties of AMPA and NMDA components of the L4-L2/3 synapses, and the space-clamp error expected in estimating the properties of these synapses by voltage clamping the L2/3 pyramidal cell somata. The model also enabled us to predict that, based on current experimental data, L4 neurons alone do not fire L2/3 neurons after whisker deflection. The model provides several experimentally testable predictions for explaining the discrepancy between model and experiments.
The model of the postsynaptic L2/3 neuron as well as the putative location of the synaptic connections that give rise to an experimentally measured unitary EPSP enabled us to estimate synaptic parameters for both AMPAR and NMDAR for the L4-L2/3 connection with results agreeing with previous studies in neocortical and hippocampal pyramidal cells (12) (13) (14) 22 ). An important message from the model is that even for the electrically proximal dendritic domain (0.01-0.5) occupied by the L4-to-L2/3 connection, the space-clamp error in estimating synaptic parameters is substantial (between 160% and 300% error) and therefore must be corrected for.
The next step was to incorporate into the model in vivo measurements from L2/3 pyramidal cells in the Down state that show a decrease in input resistance as compared with the in vitro measurements (5, 6), marked anomalous rectification at the subthreshold regime, and very depolarized (Ϸ30-mV) threshold for spiking. Incorporating membrane voltage-dependent ion channels into the passive model enabled us to capture the excitable properties measured in vivo (Fig. 4) . Because specific experimental data are not yet available, the type of membrane ion channels and densities chosen (SI Table 3 ) do not necessarily represent faithfully the corresponding ion channels in these cells. However, the basic model predictions were robust when using other sets of excitable parameters (e.g., eliminating all dendritic ion channels but the A current; not shown), while preserving the target input resistance, the strong anomalous rectification, and the very depolarized threshold for spike generation as measured experimentally in vivo. Indeed, these in vivo phenomena both imply that a relatively large number of excitatory L4-L2/3 synapses are needed to cause an AP in the L2/3 neurons.
Having a realistic nonlinear model of an in vivo L2/3 neuron, we next used, as an input, the average firing probability (the PSTH) of L4 spiny neurons measured in vivo by using a whole-cell recording after passive whisker deflection (20) . Assuming that Ϸ350 Ϯ 20 L4 neurons converge onto a single L2/3 pyramidal cell (3), the model predicts that the average peak value for the compound PSPs is smaller than found experimentally, and that their amplitude distribution is much narrower. The consequence is that in L2/3 pyramidal cells, the model compound PSPs did not reach the voltage L2/3 threshold for spike firing (Fig. 5) . In the experiments, these cells do fire (in 6% of the cases) to whisker stimulation. This discrepancy between model and experiments is puzzling at first, because this model does not take into account inhibitory (feed-forward or lateral) connections that L2/3 neurons receive. However, neither does it take into consideration possible additional excitatory (thalamic or corticortical) inputs that L2/3 cells receive. L3 pyramidal cells, unlike L2 pyramidal cells, can receive direct thalamic input from the ventroposterior medial (VPM) nucleus of the thalamus, because their basal dendrites extend into L4, and because VPM afferents project into L3 (23, 24) . Furthermore, paralemniscal pathways were not taken into account in this model, such as input to L2 from L5A (25) and L1 (26) .
Other possibilities for explaining this discrepancy that require further experimental study are: (i) the existence of fine-scale subgroups of more excitable L4 spiny neurons (21) that may be responsible for the spiking of some selected group of L2/3 pyramidal cells (Fig. 6); (ii) the existence of synchrony in spiking of L4 neurons, similar to thalamic neurons driving L4 (27) . Indeed, we found that even a small degree of synchrony among the L4 population increases the spiking probability of a L2/3 modeled L2/3 neuron (not shown). The above two possibilities are washed out when we use the average PSTH as an input. Recording simultaneously from many L4 neurons after whisker stimulation may unravel such specific intracortical spatiotemporal correlations. (iii) A broader distribution of the number of L4 axons converging onto a single L2/3 neuron. Indeed, increasing the standard deviation from 20 axons (around the mean of 350) to 100 results in a spiking probability of Ϸ7% in the modeled L2/3 neuron (not shown). (iv) Finally, it may be the case that only L2/3 pyramidal cells with large in vivo input resistance (i.e., 70 M⍀) may spike in response to whisker deflection. Measuring the input resistance of the cells and correlating it with their firing probability should help in examining this possibility.
To summarize, our modeling strategy is as follows: (i) start with what is known (at the spatial resolution of synapses and temporal resolution of spikes) and replicate the cortical column module of interest (L4-L2/3 excitatory connections in our case) as closely as possible; (ii) compare model behavior to in vivo experiments and, in turn, refine the model and perform additional experiments (see above) until a satisfactory match between the two is attained; and (iii) systematically reduce model complexity and generate successively more abstract models until a key function is lost, then study which are the crucial parameters that govern this function. Eventually, one hopes to derive a minimal mathematical description that captures the essence of the functioning of the whole column. With this method, one will be able to rigorously test, in terms of first principles, how the cortical substrate gives rise to cortical function.
Materials and Methods
Compartmental Modeling. Modeling was carried out by using the NEURON 5.8 simulator (28) . 3D reconstructions of three synaptically connected L4-L2/3 pairs, in which the putative location of the synaptic connection is also available, were obtained by using a Neurolucida system (Microbrightfield, Colchester, VT) and converted to NEURON format. Dendritic sections were subdivided into compartments; each dendritic compartment is shorter than 20 m. This yields between 742 and 871 compartments per neuron. The time step for simulations was 0.025 ms.
Passive Cable Model of L2/3 and L4-to-L2/3 Synaptic Properties. The specific passive R m and C m of L2/3 neurons were determined by matching model performance and in vitro experiments. For each reconstructed L2/3 pyramidal cell, we calculated the combination of R i and R m values that agrees with the experimental R in . We found that the value of R i ϭ 150 ⍀cm falls within the midrange for possible R i values and, thus, R i ϭ 150 ⍀cm was chosen (9) . For this R i value, R m was determined individually for a given morphology, and it was then used for estimating C m , so that R m ϫ C m ϭ the experimental membrane time constant, m . Dendritic spines were incorporated globally into the modeled neuron as in ref. 29 . The area of each dendritic spine was assumed to be 1 m 2 , and the spine density was 0.97 spine per micrometer of dendritic length (3) .
The excitatory synapse between the L4-to-L2/3 connection is composed of both AMPAR and NMDAR components (2) . We used the standard modeling approach for conductance-based synapses for both of these components (see SI Text). The target for model fitting was the unitary EPSPs that were recorded experimentally in each of the three morphologically reconstructed L2/3 pyramidal cells after AP stimulation in single presynaptic L4 spiny neurons together with six traces from another connected pair. In the latter case, the AMPARs were blocked by 10 M 6-cyano-7-nitroquinoxaline-2,3-dione. NMDAR-mediated PSPs were recorded in the presence of 1 mM Mg 2ϩ . In each case, synaptic inputs were activated at their putative locations (Fig. 1, blue dots) . Using the MulrunFitter function in NEURON, we estimated the synaptic parameters for both AMPAR and NMDAR components that provide the best fit for the target experimental EPSPs.
Nonlinear Properties of L2/3 Neurons. L2/3 pyramidal cells exhibit strong anomalous rectification (5) as well as a high threshold for firing. The membrane ion channels that give rise to these nonlinearities were not fully characterized in these cells; we therefore incorporated into the passive skeleton of L2/3 neurons the most basic channel types that may give rise to these nonlinearities [I Na , fast inactivating sodium current; I Kd , delayed rec-tifier (potassium) current; I Nap , persistent sodium current; I AHP , calcium-dependent potassium current; I L , L-type calcium current; and I A , A current]. We used NEURONЈs MullrunFitter to fit the desired nonlinearities mentioned above (see details in SI Text and SI Table 3 ).
L4 Spiny Neurons Population Converging onto a Single L2/3 Pyramidal
Cell. Between 300 and 400 L4 spiny neurons converge onto a single L2/3 pyramidal cell (3). Each L4 spiny neuron establishes Ϸ4.5 synaptic contacts on the target L2/3 pyramidal cell (2) . Therefore, on average, 1,575 synaptic contacts are formed between L4 spiny neurons and a single L2/3 neuron. The distribution of synaptic input over the dendritic surface of a L2/3 neuron was taken from table 2 in Lübke et al. (3) . To check the validity of this distribution, we activated individually 350 axons (each composed of four to five randomly chosen synaptic contacts of the total of 1,575). Each contact was activated 400 times, using the synaptic parameters that were found to fit the experimental unitary EPSP (SI Table 2 ). For each synapse activated, the maximal conductance for the AMPAR and NMDAR was chosen at random from a lognormal distribution, with a mean of 0.2 Ϯ 0.095 nS for the AMPAR and 0.24 Ϯ 0.05 nS for the NMDAR [these values were chosen so the relationship of unitary EPSP amplitudes to their c.v., as well as the distribution of amplitudes in the model, matches that of the experimental finding (2) ]. The release probability at each synaptic contact in the model was 0.79 Ϯ 0.04 (4).
Simulating Responses to Whisker Deflection. Whisker deflections that induced compound EPSPs and APs were simulated by activating L4 spiny neurons converging onto a single L2/3 pyramidal cell. In each simulation, the number of presynaptic L4 spiny neurons was randomly chosen from a normal distribution with a mean of 350 Ϯ 20 (3). Axons were activated according to the average probability for APs (the average PSTH) in L4 spiny stellate neurons (n ϭ 19), after whisker deflection, as reported in studies using whole-cell recordings in vivo (20) and from additional recordings of L4 cells (n ϭ 6) that were done to confirm the original results and to enlarge our data set. In the 19 L4 neurons measured in vivo, the response to 20 repetitions of whisker deflection per cell was measured (20) , whereas in the six additional recording neurons, there are 160 repetitions per cell so that the PSTH of these six neurons could be used individually as an input for the model (Fig. 6) . The simulated compound PSPs were compared with the experimental PSPs, measured from the Down state in 16 L2/3 pyramidal cells (6) and from four additional recordings of L2/3 cells.
